Abstract-We investigated the conduction mechanism of a Ta 2 O 5 /TiO 2 stacked resistance random access memory (ReRAM) and found that high reset state resistance can be attributed to tunnel barriers induced in the filament, since single-electron tunneling phenomena were observed at low temperatures and the resistance depended only slightly on temperature. We also found that most of the reset state resistance was induced by the tunnel barrier on the TiO 2 -side, which is preferably formed by anodic oxidation. This resistance was 1,000 times larger than that induced by other tunnel barriers. We found that variations in the resistance were caused by variations in the tunnel barrier width.
Introduction
Resistance random access memories (ReRAMs) are a promising candidate for use as next-generation nonvolatile memories because of their superior scalability [1] . However, physical models for the resistance change in ReRAMs are still in the development stage. It is commonly considered that resistance change mechanisms can be classified into two types, i.e., "interface type" and "filament type" [2] , depending on resistance change materials. Recently, highly resistive states (reset states) achieved in an interface type ReRAM revealed that segregated oxygen atoms at the anode/oxide interface contribute to switching from a low resistance state to a high resistance state [3] . In contrast to interface type ReRAMs, analytical studies on filament type ReRAMs have not yet produced any major breakthroughs or improvements on current devices, while their conduction mechanism and reliability have been discussed in terms of their electrical properties [4, 5] .
In this paper, we discuss conduction and resistance change mechanisms of a Ta 2 O 5 /TiO 2 -stacked filament type ReRAM [6] through the use of low temperature electrical measurement and simulation results. We demonstrate that the formation of tunnel barriers is essential for reset operations. Experimental A 1T1R-type ReRAM with a stack comprising a 10 nm thick Ta 2 O 5 layer and a 3 nm thick TiO 2 layer was prepared (Fig. 1) . The ReRAM-stack asymmetry leads to high read disturb immunity because anodic oxidation occurs, presumably in the TiO 2 layer, resulting in a bipolar switching mode [6] . The Ta 2 O 5 layer plays an oxygen reservoir role in the stack. Figure 2 shows the process flow of our use of reactive sputtering to form the ultra-thin TiO 2 layer in the ReRAM module. Figure 3 shows the dc switching characteristic of the ReRAM with a control transistor (1T1R). At first, "Forming" operation was applied to the samples to create a filament in the stack. For the "Forming" and "Set" operations ( Fig. 3 ), we applied a positive voltage to the top electrode (V T.E. ) and the gate electrodes (V gate ). In Fig. 3 , a bias voltage of 2.5 V was applied to the gate. The resistance in set state (low resistivity state) was controlled by saturation current (I sat ) of the transistor. For the "Reset" operation ( Fig. 3 ), we applied a negative voltage to the top electrode without any control by the transistor. Figure 4 shows typical I-V curves of the initial state (before forming), set state, and reset state for the ReRAM module. The I-V curve in the initial state is consistent with the Poole-Frenkel formula (Fig. 5) , meaning that the conduction mechanism of the initial state is a hopping caused by impurities or defects in Ta 2 O 5 or TiO 2 [7, 8] . On the other hand, the current of the set state shows the type of ohmic behavior that is induced by a metallic filament (Fig. 6) [9] .
Results and Discussion

Properties of Initial and Set states
Conduction mechanism of Reset state
To ascertain the conduction mechanism of the reset state, we measured the I-V characteristic at low temperatures (4.5~300K) (Fig. 7) . As shown in the figure, the I-V curve for any temperature showed a symmetric nonlinear property. In addition, I-V characteristics below 90K were found to have kink structures at -0.23, -0.10, 0.08, and 0.30 V.
A kink structure originates from a single-electron tunneling via two or more tunnel barriers (Fig. 8) . A tunnel barrier can be characterized by tunnel resistance and capacitance in Amman's model [10] . In this model, the tunneling probability is set to be constant for the sake of simplicity. We simulated I-V curves with the model (Fig. 9) . In Fig. 8 , R 1(2) and C 1(2) represent tunnel resistance and capacitance of the top (bottom) side tunnel barrier 1(2), respectively. When R 1 +R 2 =3 Gohm, R 1 /R 2 >>1000, C 1 =0.304 aF, and C 2 =0.904 aF, the kink structure of the simulated I-V curves well matched the experimental results shown in Fig.7 . The temperature dependence of the simulated resistance also agreed with the experimental data (Fig. 10) . A large (>>1000) R 1 /R 2 ratio means that the resistance of top side tunnel barrier 1 mainly determines the resistance in the reset state. Moreover, the nonlinearity of the I-V characteristic can be explained by considering the energy dependence of the tunnel probability. For simplicity's sake, we used WKB approximation with a single rectangular tunnel barrier for the simulation of symmetric nonlinear characteristics (Fig. 11 ) [11] . Figure 12 shows I-V curves in reset states having various resistance levels. The currents were normalized with the current at 0.5 V. Resistance in reset states ranges over several orders of magnitude. Here, we discuss the origin of the variation.
Resistance variation mechanism of Reset states
A tunnel resistance depends on its barrier height and width. Figure 13 shows the results we obtained in calculating the I-V characteristics by changing the barrier height or barrier width. The currents were normalized at 0.5 V. While an increase in the tunnel barrier width leads to increased nonlinearity (Fig.13a) , an increase in the tunnel barrier height leads to decreased nonlinearity (Fig.13b) . The nonlinearity trend shown in Fig.  13 (b) agreed well with the experimental data shown in Fig. 14 . Therefore, it is clear that the variation in the tunnel barrier width contributes to the resistance variation (Fig.15 ). In addition, it is estimated that the tunnel barrier height is between 0.5 eV and 1.0 eV (dashed lines in Fig.14) . We speculate that these values correspond to the energy of the difference between the oxygen vacancy level in the filament and the conduction band-edge in TiO 2 [9] . Major site of variation in resistance From analyzing the kink structures on the I-V curve at low temperature, we found that the major site of variation in the tunnel barrier width is not located at the interface between the bottom electrode and the TiO 2 layer. It is highly possible that it lies at the interface between the Ta 2 O 5 and TiO 2 layers because oxygen ions are supplied from the former.
Conclusion
We discussed the conduction and resistance change mechanisms of filament type ReRAMs through the use of electrical measurement and simulation results. It was clarified that the resistance changes when two or more tunnel barriers are formed in the filament. Tunneling resistance of the major barrier, which is highly likely to exist at the Ta 2 O 5 /TiO 2 interface, was more than 1,000 times larger than that of the other barrier. It was also found that the resistance in the reset state depends on the width of the tunnel barrier. A physical model we constructed during this study enabled us to design the materials of a ReRAM module and to construct a reliability model. T.E.
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